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[S7] ABSTRACT

The oxidation of complexed cyanide using oxygen as
the oxidizing agent when certain metal chelates are used
as catalysts may be enhanced by irradiating the com-
plexed cyanide with ultraviolet light prior to or concur-
rent with the oxidation. Especially effective chelates are
metal phthalocyanines, particularly where the metal is
vanadium or a member of the iron group metals. The
oxidation can be effected homogeneously using water
soluble metal chelates, or can be performed heteroge-
neously, especially in a continuous fashion using a
packed bed reactor, by using suitable water-insoluble
metal chelates, especially when supported on appropri-
ate carriers.

31 Claims, No Drawings
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OXIDATIVE REMOVAL OF CYANIDE FROM
AQUEOUS STREAMS ABETTED BY
ULTRAVIOLET IRRADIATION

CROSS REFERENCE TO RELATED
APPLICATION

The application is a continuation-in-part of our U.S.
copending application, Ser. No. 632,798, filed Dec. 24,
1990, new U.S. Pat. No. 5,120,453 all of which is hereby
incorporated by reference.

BACKGROUND OF THE INVENTION

It 1s only in relatively recent years that society has
appreciated the impact and consequences of the fact
that we live in a closed ecological system. With an
increase in human population and, perhaps more impor-
tantly, an increase in industrial activity the effects of
ecological changes have become more apparent. One
area which has received a great deal of attention is that
of water quality, which may be the result of the belated
recognition that not only is water of a suitable quality
for human consumption a limited resource, but that
good water quality 1s an important, if not critical, factor
in the ecological chain. Consequently attention has
turned not only to purification of water in local water
supplies, but also to limiting the discharge of materials
Into streams and aquifers generally.

The classes of noxious materials (pollutants) in aque-
ous discharges vary over an enormously broad spec-
trum. Among the inorganic pollutants those toxic to a
broad spectrum of biological species are especially dan-
gerous. Although heavy metals such as lead, cadmium,
and arsenic often are the first culprits thought of, inor-
ganic water soluble cyanide is in a comparably danger-
ous class because of the generally low tolerance of life
forms to cyanide.

The sources of cyanide are many and varied and
include iron and steel manufacturing, petroleum and
coal pyrolysis processes, the photographic, chemicals,
and pharmaceutical industries, precious metal mining
and metal fimshing, including electroplating and galva-
nmzing. For example, cyanide arises in iron and steel
manufacture by reduction of carbonate in the presence
of carbon and nitrogen. In power plants coal burning
may afford coke oven gas with a hydrogen cyanide
concentration on the order of 2 grams per liter. Cyanide
solutions are an important component of electroplating
and galvanizing, and wash water streams resulting from
post-coating treatment often contain significant quanti-
ties of cyanide. The widespread prevalence of cyanide
1n industrial effluents coupled with their near universal
toxicity to life has made it imperative to minimize cya-
nide concentration in aqueous streams.

It appears that the most prevalent methods of cyanide
removal are based on the oxidation of cyanide. See
generally R. Gierzatowicz et al., Effluent and Water
Treatment Journal, 25, 26-31 (1986). Oxidation with
chlorine or hypochlorite seems to be industrially the
most commonly employed method. The first stage in
this oxidation is the formation of cyanogen chloride,
CICN, itself a rather toxic gas, but which is hydrolyzed
at a high pH to the less toxic cyanate, CNO. Cyanate is
itself hydrolyzed to carbon dioxide and ammonia at low
pH, or 1s further oxidized to carbon dioxide and nitro-
gen. Another oxidative method uses peroxides such as
hydrogen peroxide, Caro’s acid, peracetic acid, and so
on, as the oxidizing agent. The advantages of this ap-
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proach vis a vis the chlorine or hypochlorite based
process 1s the lack of toxic byproducts and the forma-
tion of environmentally neutral species from the perox-
ides. A disadvantage is the long reaction times neces-
sary for adequate oxidation. However, cupric ions sup-
posedly act as catalysts for peroxide oxidation. Other
oxidizing agents based on Mn(VII) and Cr(VI) also
have been used.

More recently there has been described the oxidation
of both free and complex cyanide in aqueous streams by
a mixture of sulfur dioxide or alkali/alkaline earth metal
sulfites (including bisulfites and metabisulfites) and air
or water in the presence of a water-soluble copper(1I)
catalyst at a pH between 5 and 12; U.S. Pat. No.
4,537,686. [Although copper is designated as “Cu+” in
the 1ssued patent, the fact that most cuprous salts are
water insoluble and that Cu(l) is readily oxidized
strongly suggests that Cu(Il) actually was used.] Using
rather high weight ratios of copper to cyanide on the
order of about 0.25, final cyanide concentrations could
be reduced to under 0.1 parts per million. More recently
Chen et al. (Paper 81c presented at the 1990 AIChE
Summer National Meeting, San Diego, Calif., Aug. 21,
1990) presented data on the oxidation of aqueous
streams containing cyanide at 100 ppm using a soluble
copper catalyst in conjunction with sodium sulfite and
air over activated carbon in a trickle bed reactor at
normal pressure. Initially the copper/cyanide molar
ratio was about 0.25, but since copper(Il) hydroxide
precipitated on the carbon surface, it was found that a
copper/cyanide maintenance ratio of about 0.1 was
quite adequate. Although the authors characterize the
activated carbon as a catalyst, this conclusion is far from
clear according to the data. Thus, although the authors
showed that use of a bed of activated carbon leads to
99% removal of cyamide, beds of both a molecular sieve
and glass beads were almost as effective in affording
about 80% removal. The improved result with acti-
vated carbon could readily be attributed to the extent of
copper(ll) deposition on the packed bed and its disper-
sion on the bed matenals.

A continuous method for the removal of cyanide
using air or oxygen as the oxidizing agent at ambient
temperatures and pressures i1s highly desirable. Al-
though the foregoing references provide a start, much
remains before a commercially viable system is opera-
tive. In particular, it is often desirable that the catalyst
either be heterogeneous, or if homogeneous readily
separable, in order to avoid contamination of the efflu-
ent by the catalyst itself as well as to minimize process
cost associated with catalyst consumption. It also is
desirabie that the catalyst be relatively insensitive to as
large a class of contaminants likely to accompany cya-
nide as 1s possible. The process should be capable of
efficient operation at atmospheric pressure and prefera-
bly as close to ambient temperature as possible in order
to minimize energy requirements. Finally, it is desirable
for such a process to oxidize the cyanide over a rather
wide range of initial cyanide concentrations, and to
have the capability of oxidizing 90% or more of the
cyanide present.

What we have observed is that a rather broad class of
metal chelates are quite effective as catalysts in oxidiz-
ing cyanide using only air as the oxidizing agent and
have described a process based thereon on Ser. No.
632,798. The metal chelates effective in the abovemen-
tioned process can be used either in 2 soluble form or
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water-insoluble form so as to afford the opportunity of

either homogeneous or heterogeneous catalytic oxida-
tive removal of cyanide, depending upon the needs
and/or preferences of the user. We found that the oxi-

dation of cyanide as catalyzed by the metal chelates of 5

Ser. No. 632,798 lead to the formation of carbon dioxide
and mtrogen as well as that of isocyanate. The processes
based on the metal chelates as catalysts for the oxidation
of cyanide are effective over rather large initial concen-
tration ranges of cyanide and can be readily tailored to
particular effluent streams, and consequently are quite
versatile.

In some cases the cyanide is tightly complexed, so
that the fraction of free cyanide present relative to total
cyanide 1s quite low. In these cases we have found that
ultraviolet irradiation of the cyanide-laden aqueous
stream 1s a quite helpful adjunct and may lead to an
appreciable increase in the rate of cyanide oxidation.
Ultraviolet light effects dissociation of many cyanide
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complexes to afford substantially increased levels of 20

free cyanide. Since free cyanide ion appears in many
cases, 1f not most, to be oxidized far faster than bound or
complexed cyanide, irradiation leads to an increase in
cyanide oxidation of cyanide complexes. This applica-
tion 1s directed to the improvement in oxidation of com-
plexed cyanides by conducting the oxidation under
ultraviolet irradiation.

Photochemically-induced dissociation of cyanide
complexes is a well-known phenomenon. See, for exam-
ple, V. Balzani, Photochemistry of Coordination Com-
pounds, at page 147 for a discussion of the photosensi-

tivity of Fe(CN)¢*— and 219 for a similar discussion of

Co(CN)¢3— as well as references cited therein. See also
N. P. Kelada, Jour. Water Pollution Control Federation,
61, 350 (1989) for an application of photochemical dis-
sociation to the analysis of complex cyanides. There
also 1s a report of the destruction of iron cyanide com-
plexes in aqueous solutions by irradiation in the 200-335

nm range at a pH of 11-12 followed by the addition of

a large excess of hydrogen peroxide with another pH
adjustment to 8.5-11; U.S. Pat. No. 4,446,029.

SUMMARY OF THE INVENTION

The purpose of this invention is to reduce the cyanide
concentration i aqueous streams arising from com-
plexed cyanides using as mild an oxidant as possible, and

preferably oxygen, in an economical process capable of

treating a multitude of streams and adaptable to a vari-
ety of process requirements. An embodiment comprises
oxidizing the complexed cyanide by contacting the
cyanide-laden stream under ultraviolet irradiation with
an oxidizing agent in the presence of a catalyst which is
a metal chelate. In a specific embodiment the chelate is
a phthalocyanine of cobalt, vanadium, nickel, or iron. In
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a more specific embodiment the catalyst is a chelate of 55

a sulfonated cobalt phthalocyanine dispersed on carbon
and the oxidizing agent is oxygen. In yet another em-
bodiment the catalyst is a water-soluble polysulfonated
cobalt phthalocyanine. In still another embodiment the
aqueous stream 1is irradiated with ultraviolet light
whose wavelength is in the region from 200 to about
750 nm. Other embodiments will be apparent from the
ensuing description.

DESCRIPTION OF THE INVENTION

The need to remove cyanide from wvarious waste
water streams has been elaborated upon above. Al-
though various methods currently are available, there
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remains a need for a process which is at once suffi-
ctently flexibie to be applicable to many kinds of aque-
ous streams, to be applicable to varying concentrations
of cyanide, to be capable of being adaptable to both
continuous and batch processes, to be catalytic in na-
ture, and to be capable of using oxygen as the oxidizing
agent. Additionally, the process needs to be adaptable
to cyanides which are strongly complexed to metals.
We have found that a class of metal chelates previously
used in the oxidation of sulfides, especially mercaptans,
are also effective in the oxidation of cyanides. This
observation was rather unexpected, particularly in view
of the experience that cyanide at low concentrations
tended to deactivate these metal chelates in the oxida-
tion of mercaptans to disulfides. Accordingly, i1t was not
expected that these same metal chelates would oxidize
cyanides, much less do so effectively under the condi-
tions described within. Where the cyamde is present as
a tightly complexed cyanide, ultraviolet irradiation of
the waste stream promotes dissociation of the complex
and promotes cyanide oxidation.

It needs to be explicitly understood and recognized
that the permissible cyanide level remaining after treat-
ment of the water stream is variable. For example, the
proposed standards for drinking water sets a level of 0.2
ppm as the maximum permissible. If an electroplater of
common metals discharges to a publicly owned treat-
ment waterwork less than 38,000 liters per day, the
4-day average of cyanide amenable to treatment is not
more than 2.7 ppm. For the same type facility discharg-
ing 38,000 liters or more per day, the 4-day average can
not exceed 1.0 ppm of total cyanide. From the forego-
ing it should be clear that a variety of final cyanide
levels will be found acceptable; no single standard may
be stated.

Any aqueous stream containing inorganic cyanide is
suitable for use in this invention. This is not to say that
the nature of the water-soluble cyanide is immaterial;
those cyanides which 1onize to afford cyanide ions are
more readily oxidized than those cyanides which are
tightly complexed, as, for example, ferrocyanides.
Thus, aqueous streams containing hydrogen cyanide or
the alkali metal salts of cyanides, alkaline earth cya-
nides, and other cyanides, are more susceptible to oxida-
tton than the complex cyanides. Nonetheless, even com-
plex cyanides have a measurable dissociation constant
and their oxidation may be effected by our invention,
although the rate of oxidation can be expected to be
much less than that of simple metal cyanides. The fore-
going can be most readily understood if the oxidation
proceeds most rapidly with dissociated cyanide ion,
which is a working hypothesis whose veracity can not
be vouched for at present.

Our invention is particularly directed to those tightly
complexed cyanides which dissociate to only a minor
extent and thereby afford free cyanide ions to only a
minor extent. Examples of such cyanide complexes
which are only illustrative and are not intended to be
exhaustive in any manner include hexacyanocobaltate,
ferricyanide, ferrocyanide, tetracyanonickelate, tet-
racyanocadmiate,r hexacyanomanganate, hexacyano-
chromate, octacyanotungstate, octacyanomolybdate,
cyanoaurate and cyanoargentate, and partially aquated
species of the above. See L. G. Sillen and A. E. Martel,
“Stability Constants of Metal Ion Complexes,” Chermi-
cal Society, Burlington House, London (1964), pp
107-113, for a more comprehensive list of complexed
cyanides. More generally our invention is directed to
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complexes which dissociate to afford less than 10% of
the total cyanide as cyanide ion, and even more so to
complexes which dissociate to afford less than 1% of
the total cyanide as cyanide ion.

When complexes such as the foregoing are irradiated
they dissociate and the free cyanide ion concentration is
increased. Accordingly, one can expect that the rate of
oxidation of complexed cyanide will be enhanced by
ultraviolet irradiation. Radiation whose wavelength is
between 200 and 750 nanometers is most often used.
The efficiency of dissociation (quantum vyield or effi-
ciency) is most dependent on the fraction of the quanta
absorbed and the energy of the absorbed quanta, which
must be sufficient to effect CN— dissociation. A guide
to the appropriate wavelength is to pick the strongest
absorption band in the UV spectrum, which is related to
the fraction of quanta absorbed. Particularly suitable are
high energy (lower wavelength) absorptions. It is clear
that the determination of the ultraviolet absorption
spectrum 1s a highly desirable preliminary to the choice
of wavelength, and that such a determination is a rou-
tine measurement. In any event, the wavelength region
to be explored 1s 200-750 nm.

Our invention is applicable most desirably to streams
containing up to as much as about 5000 parts per million
cyanide, although it is preferably applicable to streams
containing no more than about 500 ppm cyanide, and
even more preferably no more than about 100 ppm
cyanide. Many streams contain cyanide on the order of
5 ppm, and for these streams our invention is especially
effective. However, 1t needs to be clearly understood
that our invention may be applicable to streams contain-
ing as much as several percent cyanide, although such
streams may be an uncommon occurrence. Cyanide-
laden aqueous streams include waste streams from metal
plating industries, from photography laboratories, steel
mills, chemicals waste streams, and streams from the
mining industry. However, the nature of the cyanide-
containing streams which can be treated by the process
of our invention is not particularly critical in any way.

‘The key to our invention is our discovery that certain
metal chelates are effective in catalyzing the oxidation

of cyanide by such oxidizing agents as air itself. The
metal chelates which act as catalysts are known to the
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tans contained in a sour petroleum distillate to disul-
fides. The metal chelates include the metal compounds
of tetrapyridinoporphyrazine described in U.S. Pat. No.
3,980,582, e.g., cobalt tetrapyridinoporphyrazine; por-
phyrin and metaloporphyrin catalysts as described in
U.S. Pat. No. 2,966,453, e.g., vanadium tetraphenylpor-
phin carboxylate; corrinoid catalysts as described in
U.S. Pat. No. 3,252,892, e.g., manganese corrin sulfo-
nate; chelate organometallic catalysts such as described
in U.S. Pat. No. 2,918,426, e.g., the condensation prod-
uct of an aminophenol and a metal of Group VIII; and
the metal phthalocyanines as described in U.S. Pat. No.
4,290,913, etc. As stated in U.S. Pat. No. 4,290,913,
metal phthalocyanines are a preferred class of metal
chelates.

The metal phthalocyanines which can be employed
to catalyze the oxidation of mercaptans generally in-
clude magnesium phthalocyanine, titanium phthalocya-
nine, hafnium phthalocyanine, vanadium phthalocya-
nine, tantalum phthalocyanine, molybdenum phthalo-
cyanine, manganese phthalocyanine, iron phthalocya-
nine, cobalt phthalocyanine, platinum phthalocyanine,
palladium phthalocyanine, copper phthalocyanine, sil-
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ver phthalocyanine, zinc phthalocyanine, tin phthalocy-
anine, and the like. The iron-group (Group VIII metals)
phthalocyanines and vanadium phtholocyanines are
particularly preferred, and among the iron-group
phthalocyanines cobalt phthalocyanine is especially
preferred. The ring substituted metal phthalocyanines
are generally employed in preference to the unsubsti-
tuted metal phthalocyanine (see U.S. Pat. No.
4,290,913), with the sulfonated metal phthalocyanine
being especially preferred, e.g., cobalt phthalocyanine
monosulfate, cobalt phthalocyanine disulfonate, etc.
‘The sulfonated derivatives may be prepared, for exam-
ple, by reacting cobalt, vanadium or other metal phtha-
locyanine with fuming sulfuric acid. While the sulfo-
nated denvatives are preferred, it is understood that
other derivatives, particularly the carboxylated deriva-
tives, may be employed. The carboxylated derivatives
are readily prepared by the action of trichloroacetic
acid on the metal phthalocyanine.

The degree of derivatization importantly affects the
solubility of the metal chelates, such as the phthalocya-
nines, of this invention. Using the phthalocyanines as a
specific example, monosulfonation affords a chelate
which still is water insoluble (under 0.1 weight percent)
and which quite suitably can be dispersed on a catalyst
support or carrier for use in heterogeneous catalysis of
cyanide in aqueous streams. On the other hand, polysul-
fonation up to 3-4 sulfonic acid residues per phthalocy-
anine affords a metal chelate which is water soluble and
which is readily adaptable for use as a homogeneous
catalyst under aqueous reaction conditions. The soluble
metal chelates could be used, for example, in toxic
waste storage bonds or in other storage facilities, espe-
cially in conjunction with aeration.

For use in a packed bed, heterogeneous catalytic
operation the metal phthalocyanine catalyst can be
adsorbed or impregnated on a solid adsorbent support
in any conventional or otherwise convenient manner. In
general, the support or carrier material in the form of
spheres, pills, pellets, granules or other particles of uni-
form or irregular shape and size is dipped, soaked, sus-
pended or otherwise immersed in an aqueous or alco-
holic solution and/or dispersion of the metal phthalocy-
anine catalyst, where the aqueous or alcoholic solution
and/or dispersion may be sprayed onto, poured over, or
otherwise contacted with the adsorbent support. In any
case, the aqueous solution and/or dispersion is sepa-
rated, and the resulting composite is allowed to dry
under ambient temperature conditions, or dried at an
elevated temperature in an oven or in a flow of hot
gases, or in any other suitable manner. In general, up to
about 25 weight percent metal phthalocyanine can be
adsorbed on the solid adsorbent support or carrier mate-
rial and still form a stable catalytic composite. A lesser
amount in the range from about 0.1 to about 10 weight
percent generally forms a suitably active catalytic com-
posite, although the activity advantage derived from
metal phthalocyanine concentrations in excess of about
2-5 weight percent generally does not warrant the use
of higher concentrations.

The adsorbent support which may be used in the
practice of this invention can be any of the well known
adsorbent materials generally utilized as a catalyst sup-
port or carrier material. Preferred adsorbent materials
include graphite and the various charcoals produced by
the destructive distillation of wood, peat, lignite, nut-
shells, bones, and other carbonaceous matter, and pref-
erably such charcoals as have been heat-treated or
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chemically treated or both, to form a highly porous
particle structure of increased adsorbent capacity, and
generally defined as activated carbon or charcoal. Said
adsorbent matenals also include the naturally occurring
clays and silicates, e.g., diatomaceous earth, fuller’s
earth, kieselguhr, attapulgus clay, feldspar, montmoril-
lonite, halloysite, kaolin, and the like, zeolitic and mo-
lecular sieve materials generally and also the naturally
occurring or synthetically prepared refractory inor-
ganic oxides such as alumina, silica, zirconia, thoria,
bona, etc., or combinations thereof like silica-alumina,
silica-zirconia, alumina-zirconia, etc. Any particular
solid adsorbent material is selected with regard to its
stability under conditions of its intended use. With re-
gard to its intended use in aqueous systems, perhaps the
most important property of the adsorbent support is its
insolubtlity as well as complete unreactivity in aqueous
systems. Charcoal, and particularly activated charcoal,
is preferred because of its capacity for metal chelates,
and because of its stability under treating conditions.
Although the process which is our invention can be
designed to operate satisfactorily under ambient condi-
tions of temperature and pressure, this is not to say that
these are the only conditions under which the process
can be suitably effected, or even that these are prefera-
ble reaction conditions for the oxidation of cyanide by
oxygen in the presence of the metal chelates of this
invention. In fact, one of the strengths of our invention
1s that 1t can be utilized under a very wide range of
conditions. Thus, as to reaction temperature, tempera-
tures may be as low as about 20° C. and certainly as high
as 95° C. If the reaction is conducted at 1 atmosphere
pressure, one 1s limited to an upper temperature of about
95° C. for aqueous systems because of the increased
vapor pressure arising from water. On the other hand, if
one 1s willing to operate at a higher pressure, or if other
considerations make 1t desirable to operate at a higher
pressure, then temperatures in excess of 95° C. may be
used. It is certainly true that the higher the reaction
temperature the faster the cyanide oxidation will pro-
ceed. Similarly, the higher the partial pressure of ox-
ygen—assuming its use as the sole oxidant-—the faster
will the reaction proceed. Consequently there are some
advantages to working at partial pressures of oxygen
higher than 1 atm. and at as high a temperature as possi-
ble under the reaction pressures employed. As a practi-
cal matter, 1t 1s believed that temperatures in excess of
about 150° C. and pressures in excess of about 10 atmo-
spheres will prove only marginally beneficial and that
no real economic benefit will accrue from practicing
the invention herein under more stringent conditions.
As previously mentioned, the preferred oxidizing
agent 1s oxygen, whether from air or from an oxygen-
enriched gas. Other oxidants also may be used, in partic-
ular hydrogen peroxide and ozone, but these are not
seen to be as generally convenient as that of oxygen.
Where the cyanide content of the aqueous stream is no
more than about 15 ppm, one can readily use air at
atmospheric pressure as the source of oxygen, for under
these conditions the level of dissolved oxygen will be
sufficient for the concentration of cyanide present. On
the other hand, one can go to higher pressures to effect
higher concentrations of dissolved oxygen. However,
we have found it more effective to continually bubble
oxygen through the cyanide-laden aqueous stream in
the reaction zone in order to provide sufficient oxygen
for oxidation of cyanide at levels considerably higher
than 15 ppm. Adequate dispersal of oxygen in the aque-
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ous feedstock in contact with the metal chelate as cata-
lyst is of considerable importance, but since appropriate
methods of dispersal are well known in the art these will
not be further discussed. Where a peroxide, such as
hydrogen peroxide, is used as the oxidizing agent 1t can
be conveniently added to the feedstock in an amount
adequate to completely oxidize the cyanide present.

The pH of the reaction medium has an important
influence on the course and success of our invention. On
the one hand the rate of oxidation appears to decrease
with increasing pH, which favors practicing the inven-
tion at as low pH as possible. On the other hand, low pH
leads to HCN evolution which 1s to be avoided because
of the high toxicity of this gas. Consequently a balance
must be reached between reaction rate and safety. As a
practical matter, our invention can be performed be-
tween the pH associated with the onset of HCN evolu-
tion, which 1s in the range of about 7.0-8.5, and pH 14.
However, the pH range between about 9 and 12 appears
to be the most desirable operational range for the prac-
tice of our reaction.

Although it is believed that temperature, oxidant
concentration, and pH are the most important variables
in the practice of our invention, other factors such as
residence time, cyanide concentration, nature of the
cyanide (free or complexed) constitute other process
variables which the skilled worker will readily adapt to.
As the data within show, the process variables can be
changed over a rather broad range to affect the amount
of cyanide oxidized. No inviolate rules can be stated for
the degree of cyanide which should be removed; our
previous comments showed no standard was applicable
to all feedstocks and discharges. One desirable charac-
teristic of our process is that removal of 90% of the
cyanide is routine, removal of 95% is not difficult, and
removal of greater than 98% is well within process
capabilities.

The process of my invention can be practiced in a
multiplicity of modes. Although practicing the inven-
tion using a water-insoluble metal chelate is anticipated
to be the most widespread mode used, one can envision
circumstances where a water-soluble catalyst is pre-
ferred. For example, the aqueous stream may come
from the mining industry and contain a considerable
amount of solids. Removal of the solids prior to oxida-
tion of cyanide would lead to a solid mass containing
substantial amounts of cyanide which itself might pres-
ent serious disposal problems. In such a case it may be
advantageous to use a water-soluble metal chelate to
catalyze the oxidation of cyanide. It also should be clear
that propitious choice of the metal in the metal chelate
needs to be made in order to minimize contamination by
the metal of the metal chelate when the aqueous stream
is later disposed of. The wastewater laden with metal-
cyano complexes is preferably, but not necessarily,
made alkaline (pH > 10) prior to irradiation. Experimen-
tation has demonstrated a strong pH dependence for the
most stable metal-cyano complexes, such as cobalt and
iron; see Kelada, op. cit. Some treatment of known
interfering conditions and substances, such as turbidity
and color, sulfide, oxidants, nitrate-nitrite, carbonate-
bicarbonate, metal cations, aldehydes and fatty acids
may be required to achieve optimum cyanide dissocia-
tion quantum yields. Sufficient turbulence is required
with samples of sludge and sediment to maintain homo-
geneous solutions. Irradiation may be accomplished
with any suitable UV source. Particularly high yields of
dissociated cyanide may be obtained with a mercury
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lamp. The wastewater may be flowed through borosili-
cate glass tubes which are parallel or wound cocentri-
cally around the UV source. Wastewater flow rate will
depend, inter alia, upon such factors as strength of the
particular complex, the intensity and spectrum of the
UV source, pH, and desired degree of cyanide removal,
and irradiation times may range from seconds to several
minutes.

Subsequent to the irradiation, the water soluble cata-
lyst 1s mixed with the irradiated solution along with an
oxygen containing reactant, such as those described
previously (air, HyO;, etc.) Catalyst concentrations may
range from 50 to 5000 ppm or more and are dependent
upon the contact time and desired conversion. The
oxygen content should be above that required for stoi-
chiometric conversion of the cyanide to cyanate, and at
least two to three times the stoichiometric amount is
preferable. Sufficient turbulence is maintained to thor-
oughly mix the oxygen-containing reactant, the catalyst
and the wastewater. The reacting solution may then
flow to a holding tank to provide the required time for
oxidation of the previously dissociated cyanide. The
time required may depend upon the amount of cyanide
ion present and the required conversion, and contact
times of several hours may be required if there are large
concentrations of cyanide (5000 ppm) and low concen-
trations of oxygen. The solution may be distilled prior
to discharging or may be discharged directly if removal
of the catalyst is not a required step in the treatment to
meet legislated standards.

As previously alluded to, in the vast majority of cases
it 1s expected that a water-insoluble metal chelate will
be used in order to effect a heterogeneous catalysis of
cyanide oxidation. In such a mode it is advantageous to
impregnate the metal chelate on a water-insoluble car-
rier, as described above, in order to effect as high a
dispersal of the metal chelate as possible. One mode of
oxidation would employ, or be analogous to, a slurry
reactor, where the water-insoluble metal chelate, pref-
erably dispersed on a water-insoluble carrier, is sus-
pended in the agqueous feedstock and reaction is carried
out using this well mixed suspension. Slurry reactions
can be carried out either batchwise or continuously. In
the continuous mode solids are removed from the feed-
stock after oxidation of cyanide and mixed with and
resuspended 1n fresh feedstock passing into a slurry
reactor.

However, 1t is contemplated that the process of our
invention will be most useful when practiced in a con-
tinuous mode using a packed bed of the metal chelate
dispersed on a suitable support. The cyanide-laden feed-
stock can be passed either upflow or downflow, and the
oxygen passed either cocurrently or countercurrently.
In yet another vanation, suitable where the cyanide
concentration is less than about 15 ppm, the feedstock
can be saturated with oxygen prior to being contacted
with the metal chelate in the reaction zone. As dis-
cussed previously, the level of oxygen dissolved in
water is sufficient to oxidize up to about 15 parts per

million cyanide, which accounts for the operability of 60

the last described embodiment. The irradiation of the
wastewater containing metal-cyano complexes may be
carried out in a manner similar to the preceding exam-
ple using water soluble catalyst. After irradiation, the
cyanide-containing aqueous stream may pass directly
through the supported catalyst bed at space velocities
ranging from 0.02 to 2 LHSV. Ambient conditions of
temperature and pressure may be utilized with the oxy-
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gen supplied by the air existing in the wastewater from
normal contact with the air at low cyanide concentra-
tions. Alternatively, air may be cofed with the wastewa-
ter and the reactor temperature increased above ambi-
ent {0 Increase conversion.

Even though the continuous oxidation of cyanide
using a packed bed of a metal chelate dispersed on a
suitable support may be practiced in any of the afore-
mentioned modes, it has been found that a cocurrent
oxygen feed appears to lead to oxygen-starved media
and thereby may limit the amount of cyanide which can
be oxidized under a given set of experimental condi-
tions. Accordingly, we have found it preferable to oper-
ate a packed bed reactor in a trickle bed mode with
countercurrent oxygen flow, that is, the aqueous feed-
stock flows downward over the packed catalyst bed
and the oxygen 1s passed upward through the packed
catalyst bed. It is anticipated that in this mode it is feasi-
ble to satisfactorily oxidize cyanide at concentrations at
least as high as about 500 ppm when working at a pres-
sure of air (as the sole oxygen source) of 1 atmosphere
and a reaction temperature no more than about 95° C. It
is expected that substantially higher cyanide concentra-
tions can be used at higher partial pressures of oxygen
and higher reaction temperatures.

The basic process also is susceptible of many variants.

For example, cyanide-laden streams often contain many
other undesirable materials, especially heavy metals, in

addition to cyanide. Some processes first remove such
heavy metals by precipitation prior to oxidation of cya-
nide; see U.S. Pat. No. 4,615,873 and U.S. Pat. No.
4,622,149. However, a potential disadvantage is that the
resuiting sludge may itself contain rather high levels of
cyanide, whether occluded or not. Consequently, it is
envisioned as possibly advantageous to first oxidize the
cyanide in such streams and subsequently remove the
heavy metals from the cyanide-depleted effluent. It also
may be desirable to enhance the metal chelate-catalyzed
oxidation of cyanide by continuous irradiation in the
reaction zone, since it appears that there may be a sub-
stantial contribution to cyanide oxidation via a photo-
chemical path.

Other embodiments and variants will be apparent to
the skilled worker, all of which are intended to be en-
compassed within and substimed by our invention as
claimed. The following examples merely illustrate sev-
eral aspects of this invention. The examples are not
intended to be exhaustive nor to restrict our invention in
any way, and in particular our invention is not to be
thought of as being limited to the examples themselves.

EXAMPLE 1

In this and all succeeding examples, the UV source is
a high pressure 550-W mercury lamp. The cyanide
solutions are flowed through quartz tubing of a diame-
ter between 2.0-5.0 mm which are wound around the
UV lamp. The quartz tubing is wound around the lamp
such that the diameter of the coil is no more than 2 cm
greater than that of the lamp. The flow rate of the solu-
tions and the number of turns of the coil around the
lamp may be optimized to obtain the required conver-
sion at the highest possible flow rate. A solution of 0.26
grams ferricyanide (Fe(CN)g>—) dissolved in 100 cc of
0025M KOH 1s flowed through the tubing described
above. The flow rate is maintained such that the mini-
mum time of irradiation of the solution is 5 minutes.
After irradiation, the solution is drained into a one-
necked round bottom flask equipped with a magnetic
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stirrer and open to the air. Tetrasulfonated cobalt
phthalocyanine (0.66 gm) is added. In another flask a
solution of 75 cc of 0.1M aqueous KCN and 25 cc of
0.01M aqueous KOH is added. No cobalt phthalocya-
nine is added to this flask. The two solutions are stirred >
four hours, stoppered, allowed to remain overnight and
then stirred for two additional hours. The following

table is representative of the results which may be ob-
tained.

10
TABLE 1
Solution 96 CN~— disappearance
Without phthalocyanine 10.5
With phthalocyanine 68.4 15

EXAMPLE 2

The preceding example 1s repeated utilizing the same
aqueous solution containing 0.26 g hexacyanocobaltate 20
[Co(CN)¢]3—, rather than ferricyanide. Irradiation time
1s extended to 10 minutes to completely dissociate the
very strong cobalt complex. Following irradiation, the
solution is treated as before. Analogous resuits may be

obtained. 25

EXAMPLE 3
Continuous Oxidation of Agqueous Cyanide

A solution of 300 ppm CN— as ferricyanide is pre- 3g
pared and the pH is adjusted with KOH to an alkaline
pH, preferably in the range 8.5 and 14. Irradiation of
this solution is performed in a manner similar to Exam-
ple 1. The irradiated effluent is passed into a glass reac-
tor loaded with 40 cc of a fresh sample of monosul-
fonated cobalt phthalocyanine supported on carbon on
a perforated glass plate permanently affixed to the in-
side of the reactor to support the catalyst. The effluent
1s passed downflow through this catalyst, and through a
separate opening in the wall of the glass reactor below
the catalyst bed is passed a stream of air upflow (coun-
tercurrent to the aqueous feed). In addition to the reac-
tor the plant may consist of a simple pump for the aque-
ous feed geared for low pump rates, a flowmeter to
measure the air flow rate, and heating tape wrapped
around the reactor for times when temperatures above
ambient are wanted. The reactor also may contain a
thermowell down the center for temperature measure-
ment via a thermocouple at the radial center of and
approximately half way down the catalyst bed. Feed
rates are low enough so that the bed never becomes
liquid full, so that plant operation is best described as a
trickle bed rather than a flooded bed operation. The
plant is operated with ebullition of the catalyst parti-
cles—the air is able to pass upflow through the catalyst
bed relatively easily through channels or openings be-
tween catalyst particles. This mode of operation allows
relatively high levels of oxygen (as air) to be brought
into contact with the catalyst. The low solubility of air
in water means that if a liquid full reactor concept is
used only dissclved air would be available for cyanide
oxidation—an amount of air sufficient for oxidation of
tens of ppm of cyanide but not hundreds of ppms. Some g5
representative results to be expected are given in Table
2; conversions of more than 95% cyanide may be ob-
tained.
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TABLE 2
Feed LHSV? Air?  Temp(°C.) pH  Product CN-
285¢ 0.05 258 74 10.8 1-3
298 0.16 258 74 10.8 16-30

“Liquid Hourly Space Velocity.
PAir flow in cc/min.
€All concentrations in wt. ppmi.

What s claimed 1s:

1. A method of reducing the concentration of com-
plexed cyanide in an aqueous stream containing at least
one complexed cyanide which dissociates to afford less
than 10% of the total cyanide present in the complexed
cyanide as free cyanide ions comprising irradiating said
aqueous stream with light of a wavelength effective to
dissociate the complexed cyanide and afford free cya-
nide 10ns, and oxidizing the cyanide to carbon dioxide,
nitrogen, and isocyanate with an oxidizing agent se-
lected from the group comnsisting of oxygen ozone, and
hydrogen peroxide in the presence of a catalytically
effective amount of a metal chelate at oxidation condi-
tions, where said metal chelate is selected from the
group consisting of metal compounds of tet-
rapynidinoporphyrazine, porphyrin, corrinoid materi-
als, and the phthalocyanines.

2. The method of claim 1 where the metal chelate is
water soluble.

3. The method of claim 1 where the metal chelate is
water insoluble.

4. The method of claim 1 where the metal chelate is
water insoluble and supported on a water-insoluble
carrier.

S. The method of claim 4 where the carrier is selected
from the group consisting of graphite, charcoal, zeolitic
and molecular sieve materials, naturally occurring clays
and silicates, and refractory inorganic oxides.

6. The method of claim § where the carrier is char-
coal.

7. The method of claim 1 where the metal in the metal
chelate is selected from the group of iron, cobalt, and
vanadium. .

8. The method of claim 7 where the metal chelate is
a cobalt chelate.

9. The method of claim 1 where the metal chelate is
a sulfonated cobalt phthalocyanine.

10. The method of claim 1 where oxidation condi-
tions include a temperature from about 20° C. up to
about 150° C. and a total pressure from about 1 atmo-
sphere up to about 10 atmospheres.

11. The method of claim 1 where oxidation condi-
tions include a pH from 14 to a pH corresponding to the
onset of HCN evolution.

12. The method of claim 1 where oxidation condi-
tions include a pH from about 9 to about 12.

13. The method of claim 1 where the cyanide concen-
tration is reduced by at least 90 percent.

14. The method of claim 13 where the cyanide con-
centration 1s reduced by at least 95 percent.

15. The method of claim 14 where the cyanide con-
centration 1s reduced by at least 98 percent.

16. The method of claim 1 where the complexed
cyanide is selected from the group consisting of hex-
acyanocobaltate, ferricyanide, ferrocyanide, tet-
racyanonickelate, tetracyanocadmiate, hexacyanoman-
ganate, hexacyanochromate, octacyanotungstate, oc-
tacyanomolybdate, cyanoaurate and cyanoargentate,
and partially aquated species of the above.
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17. The method of claim 1 where the light has a
wavelength from about 200 to about 750 nanometers.

18. A method of reducing the concentration of com-
plexed cyanide in an aqueous stream containing at least
one complexed cyanide which dissociates to afford less
than 10% of the total cyanide present in the complexed
cyanide as free cyanide ions by oxidizing the cyanide to
carbon dioxide, nitrogen, and isocyanate with oxygen in
the presence of a metal chelate as a catalyst comprising
irradiating said aqueous stream with light of a wave-
length effective to dissociate the complexed cyanide
and afford free cyanide ions and flowing the cyanide-
containing aqueous stream through a bed of a catalytic
composite at cyanide oxidizing conditions, said compos-
ite comprising a metal chelate supported on a carrier,
flowing an oxygen-containing gas countercurrently
through said bed, and removing the effluent having a
reduced cyanide concentration, where said metal che-
late 1s selected from the group consisting of metal com-
‘pounds of tetrapyridinoporphyrazine, porphyrin, cor-
rinoid materials, and the phthalocyanines.

19. The method of claim 18 where the aqueous stream
flows down through the bed.

20. The method of claim 18 where the carrier is se-
lected from the group consisting of charcoal, naturally

occurring clays and silicates, and refractory inorganic
oxides.

21. The method of claim 20 where the carrier is char-
coal.
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22. The method of claim 18 where the metal chelate
1s a cobalt chelate.

23. The method of claim 18 where the metal chelate
1s a sulfonated cobalt phthalocyanine.

24. The method of claim 18 where oxidation condi-
tions include a temperature from about 20° C. up to
about 150° C. and a total pressure from about 1 atmo-
sphere up to about 10 atmospheres.

25. The method of claim 18 where oxidation condi-
tions include a pH from 14 to a pH corresponding to the
onset of HCN evolution.

26. The method of claim 18 where oxidation condi-
tions include a pH from about 9 to about 12.

27. The method of claim 18 where the cyanide con-
centration 1s reduced by at least 90 percent.

28. The method of claim 27 where the cyanide con-
centration 1s reduced by at least 95 percent.

29. The method of claim 28 where the cyanide con-
centration 1s reduced by at least 98 percent.

30. the method of claim 18 where the complexed
cyanide is selected from the group consisting of hex-
acyanocobaltate, ferricyanide, ferrocyanide, tet-
racyanonickelate, tetracyanocadmiate, hexacyanoman-
ganate, hexacyanochromate, octacyanotungstate, oc-
tacyanomolybdate, cyanoaurate and cyanoargentate,
and partially aquated species of the above.

31. The method of claim 18 where the light has a

wavelength from about 200 to about 750 nanometers.
* %x * . *x
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